Objective: To provide an up-to-date systematic review of the characteristics, methodology and findings of studies that have investigated the neurochemistry of agitation in Alzheimer's disease (AD). Methods: Electronic databases were searched for published peer-reviewed articles which provided data on any neurotransmitter system in relation to agitation in AD. Screening of titles and abstracts and data extraction from full texts were conducted in duplicate. Results: Forty-five studies were included. Monoamines (serotonin, dopamine and noradrenaline) were most commonly investigated. A variety of methods were used to investigate the neurochemistry underlying agitation in AD and, although there were several conflicting findings, there was evidence of serotonergic deficit, relatively preserved dopaminergic function and compensatory overactivity of postsynaptic noradrenergic neurons in agitation in AD. Conclusions: Disruption of the dynamic balance between multiple neurotransmitter systems could impair functional neural networks involved in affective regulation and executive function. Differences in study design and methodology may have contributed to conflicting findings. Future studies that overcome these limitations (e.g. using standardized criteria to define agitation) and employ neuroimaging methods such as MRI/PET to investigate specific neural networks are needed to clarify the role of neurotransmitter alterations in these patients.
Introduction
Alzheimer's disease (AD) is the most common form of dementia, accounting for up to 60% of cases (Rizzi et al., 2014) and agitation is a common neuropsychiatric syndrome that affects around 50% of patients with AD (Aalten et al., 2005; Burns et al., 1990; Lyketsos et al., 2000) . Agitation covers a broad range of symptoms including anxiety and irritability, motor restlessness and abnormal vocalization, as well as observable behaviors such as pacing, wandering, aggression, shouting and night-time disturbance (Howard et al., 2001) . A recent consensus definition of agitation in dementia characterized the syndrome as observed or inferred evidence of emotional distress associated with excessive motor activity, verbal or physical aggression (Cummings et al., 2015) (Table 1) . Agitation significantly reduces quality of life for patients and caregivers, precipitates earlier institutionalisation (Okura et al., 2011) , and is associated with more rapid disease progression and earlier death (Peters et al., 2015) . Although non-pharmacological approaches to the treatment of agitation have shown some evidence of efficacy in a care home setting (Livingston et al., 2014) , patients who exhibit more severe agitation with higher levels of distress and associated risk often require additional treatment with medication. However, there are no safe and effective drug treatments for agitation, as the best evidence is for short-term use of atypical antipsychotic drugs, which have modest efficacy and are associated with significant harm (sedation, falls, parkinsonism, stroke) and increased mortality (Ballard and Howard, 2006; Schneider et al., 2006) , particularly in those aged over 80 years (Howard et al., 2016) . Citalopram, a selective serotonin reuptake inhibitor (SSRI) may also have a degree of efficacy but is associated with worsening cognitive function and cardiac side effects (Porsteinsson et al., 2014) .
Disruption of the dynamic balance between cholinergic and monoaminergic neurotransmission has been proposed to underlie the behavioral and psychological symptoms of dementia (BPSD) in AD (Lanari et al., 2006) , and previous reviews have summarized the role of specific neurotransmitter systems such as serotonin (5-HT) (Lanctôt et al., 2001 ) and noradrenaline (NA) (Herrmann et al., 2004b) . However, BPSD is a non-specific catch-all that includes a wide range of emotional responses and behaviors (including agitation, apathy, psychosis and depression), which are likely to have distinct neurochemical and neurobiological bases in the AD brain (Lanari et al., 2006) . There is increasing evidence that agitation is caused by dysfunction in specific neuronal networks involved in cognitive control and emotion regulation (Rosenberg et al., 2015) , functions known to be modulated by interacting neurotransmitter systems (Del Arco and Mora, 2009) . It is
